Introduction
============

The innate immune response results from a highly regulated set of reactions that initiates and orchestrates the entire response to infection, injury, and tumorogenesis (Starczynowski and Karsan, [@B69]; Arslan et al., [@B4]; Osawa et al., [@B54]; Rock et al., [@B65]). However, dysregulation of the innate immune response leads to poor homeostasis that can initiate pathologic conditions including arthritis, autoimmunity, and cancer (Grivennikov et al., [@B31]; Bettini and Vignali, [@B9]; Delogu et al., [@B21]; Sikora and Grom, [@B68]; Davalos and Akassoglou, [@B20]).

Inflammasomes are intracellular staging areas organized to allow maturation of the powerful inflammatory cytokines interleukin (IL-) 1β, IL-18, and IL-33 from inactive precursors (Arend et al., [@B3]; Dunne, [@B25]). These cytokines are produced early upon exposure to infectious agents, often triggering receptors specific for chemistries conserved in microbial life (Janeway and Medzhitov, [@B33]; Kawai and Akira, [@B37]). The inflammatory environment produced by inflammasomes is important for the clearance of offending microbes, a process that involves the induction of other inflammatory cytokines (TNFα, IL-1β, and IL-6), chemokines (Schilling et al., [@B66]), and other factors that lead to the activation and differentiation of adaptive immune cells (Foell et al., [@B28]; Blanco et al., [@B11]). Dysregulation or over-activation of these cytokines can lead to massive inflammatory states so acute that they result in the death of the host after sterile clearance of infection.

Toll-like receptors (TLR) are innate immune cell receptors that recognize various conserved pathogen-associated molecular patterns (PAMP) and host-derived damage-activated molecular patterns (DAMP; Janeway and Medzhitov, [@B33]; Foell et al., [@B28]; Kawai and Akira, [@B37]). There are at least 13 distinct mammalian TLR that function as either homo- or hetero-dimers (Roach et al., [@B64]). TLR4 requires MD2 to bind its canonical ligand, lipopolysaccharide (LPS; Poltorak et al., [@B59]; Kennedy et al., [@B38]). LPS is a major cell wall component of all Gram-negative bacteria; however, its molecular structure differs depending on the bacterial species. In general, LPS molecules are made up of an O-antigen of varying lengths, the polysaccharide core, and the lipid A moiety (Raetz and Whitfield, [@B60]). The lipid A region is the endotoxin component of the molecule, and is the portion of the molecule that binds TLR4/MD2 (Carpenter and O'Neill, [@B12]).

Variations in the structure of lipid A determine inflammatory and immunostimulatory effects of TLR4 binding. The lipid A structure consists of a phosphorylated diglucosamine head group with a number of fatty acid side chains. The fatty acid (acyl) side chains are bound within the MD2 co-receptor via a large hydrophobic pocket, and the resultant complex then associates with a TLR4 monomer (Park et al., [@B55]). In addition, the lipid A diglucosamine head group, through phosphorylation of its 1- and 4′ carbons, associates with both TLR4 molecules in the signaling-competent dimer (Park et al., [@B55]). Structure-function studies of lipid A or structural mimetics demonstrate that differences in the number and the length of the acyl chain side groups are important in signaling strength of TLR4 (Coats et al., [@B17]; Stover et al., [@B70]; Reife et al., [@B62]). For example, Stover et al. ([@B70]) showed that there is an optimal acyl chain length for TLR4 recognition of synthetic hexa-acyl lipid A mimetics. Analysis of the crystal structure of the ecto-domain of TLR4-associated with MD2 and lipid A suggests there is critical numbers or arrangement of the acyl chains of lipid A that are required both to bind within the MD2 pocket and associate with the monomer TLR4 molecule (Park et al., [@B55]).

The phosphorylation state of lipid A also affects its function through changes in the ability to engage TLR4. The prototypic lipid A structure is di-phosphorylated, with a phosphate on each of the glucosamine moieties. Unphosphorylated lipid A does not signal through TLR4, and thus acts as an inhibitor of lipid A (Coats et al., [@B16]). Monophosphoryl lipid A (MPLA) from *Salmonella minnesota* rough mutant Re 595 has been shown to be 0.1--1% as toxic (Ribi, [@B63]; Baldrick et al., [@B5]), but nearly as immunostimulatory as its parental LPS form (Thompson et al., [@B74]; Mata-Haro et al., [@B48]; Didierlaurent et al., [@B23]). The loss of a single phosphate from a synthetic form of lipid A also decreases the production of pro-inflammatory cytokines (Cekic et al., [@B13]). Recently, MPLA has been approved by the USDA as MPL^®^ adjuvant as the first TLR agonist to be approved for use as a vaccine adjuvant based on its ability to direct adaptive immune responses with little toxicity (Didierlaurent et al., [@B23]).

Chronic inflammation can lead to serious conditions, including atherosclerosis, arthritis, and cancer (Coussens and Werb, [@B19]; Duewell et al., [@B24]). Various Gram-negative bacteria infect chronically and are associated with inflammatory disease and cancer. Chronic *Helicobacter pylori* infection causes peptic ulcers which are associated with stomach cancer (Suerbaum and Michetti, [@B72]). Lyme disease-associated arthritis occurs in individuals chronically infected with the Gram-negative spirochete, *Borrelia burgdorferi* (Murray and Shapiro, [@B51]). Chronic inflammation due to improper or lack of control over inflammasome function has also been linked to a variety of immune system disorders, including various forms of arthritis as well as Crohn's disease and ulcerative colitis.

In this Review, we will discuss the role of TLR4 on inflammasome activation, with a focus on the NLRP3 form of the inflammasome. In addition, the phenomenon of decreased TLR4 inflammatory signals when the lipid A agonist structure is changed in various ways will be addressed.

NLRP3 Inflammasome Activation
=============================

Inflammasomes are multi protein structures formed in the cytoplasm of activated innate immune cells that lead to the maturation of IL-1β and IL-18 from inactive pro-proteins to their active, mature forms. The NLRP3 \[nucleotide-binding oligomerization domain (NOD)-like receptor family, pryin domain containing 3\]-inflammasome is most often associated with TLR4 activation. The other proteins of the NLRP3 inflammasome are ASC (apoptosis-associated speck-like protein containing a CARD domain), the pro-inflammatory caspase, caspase-1, and the precursor forms of IL-1β or IL-18 or both (Martinon et al., [@B46]; Schroder and Tschopp, [@B67]).

Two distinct signals are required for the production and secretion of mature IL-1β or IL-18 via the NLRP3 inflammasome (Figure [1](#F1){ref-type="fig"}). First, a priming signal occurs either through TLR4 or IL-1 receptor. Priming leads to transcription and translation of the inactive pro-forms of IL-1β or IL-18. We and others have shown that an increase in NLRP3 protein abundance occurs during this priming step, and that this increase plays a key role in the ultimate maturation of IL-1β (Bauernfeind et al., [@B7]; Embry et al., [@B26]). Priming alone does not lead to secretion of mature IL-1β because primed cells simply harbor immature pro-IL-1β; an activation signal that leads to inflammasome assembly and the proteolytic activity of caspase-1 is also needed. Known activation signals include extracellular ATP, taken up through the P2X~7~ purinergic receptor (Pelegrin et al., [@B56]), and phagocytosed crystalline (Martinon et al., [@B47]) or particulate structures that lyse phagocytic vesicles via a cathepsin B-dependent mechanism (Niemi et al., [@B52]). After the activation signals, NLRP3 acts as the scaffolding protein that allows the spontaneous assembly of the accessory inflammasome components. In the presence of other inflammasome components, expression of NLRP3 leads to the production of one very large inflammasome or "speck" cluster per cell (Stutz et al., [@B71]); single specks are visible in primed/activated cells within 5 h (Embry et al., [@B26]). The assembled inflammasome includes enzymatically active caspase-1 that cleaves the precursor form of IL-1β, which can lead to secretion of both the cytokine and active caspase-1 from the cells (Figure [1](#F1){ref-type="fig"}a). Tight regulation of pro-IL-1β maturation and related pro-inflammatory proteins underscores the importance of avoiding potential damage to healthy tissue. This regulation is evidenced by the observation that two distinct steps are required to generate and secrete the active forms cytokine suggesting several different levels at which therapeutics may be applied to prevent or control inflammation.

![**Increased NLRP3 expression via MyD88 leads to inflammasome formation and processing of IL-1β after lipid A treatment**. Priming (1--3) and activation (4--7) are required for mature IL-1β secretion. (1) TLR4/MD2 binds lipid A forming endotoxin receptor dimers that signal through either MyD88 or TRIF, or both (2) to activate NF-κB. The MyD88-dependent "early" phase of NF-κB activity results in increased transcription of both *nlrp3* and *il1b* genes. TRIF-dependent TLR4 signaling occurs after receptor-mediated endocytosis of TLR4 leading to the "late" phase of NF-κB activity, and increases *il1b* gene expression, but not *nlrp3*. Inflammasome activation occurs in response to such agonists as extracellular ATP which is sensed by the P2X~7~R and leads to K^+^ loss through the pannexin-1 ion channel (4). If TLR4 signaling increases NLRP3 protein levels (5a), such as with MyD88-competent LPS or DPLA, then the activation event permits the newly expressed NLRP3 to aggregate with soluble ASC protein and pro-caspase-1, leading to caspase-1 processing to its active form and inflammasome assembly (6a). Pro-IL-1β that is associated with the inflammasome is processed to mature IL-1β and secreted into the extracellular space (7a). However, when TLR4 priming does not adequately increase NLRP3 expression (5b), as is the case with MPLA treatment, then there is little to no NLRP3 protein to direct inflammasome assembly, pro-caspase-1 does not get efficiently activated (6b), and any IL-1β that is secreted is generally in the inactive pro-IL-1β form (7b).](fimmu-03-00154-g001){#F1}

NLRP3 Mutations Lead to Auto-Inflammatory Diseases
==================================================

In humans as well as in mouse models, gain-of-function polymorphisms, or mutations in the gene encoding NLRP3 are associated with several similar inflammatory conditions that are episodic in nature, occurring in flares after periods of non-activity. These conditions include familial cold auto-inflammatory syndrome, Muckle--Wells syndrome, cryopyrin-associated periodic syndromes (CAPS), and neonatal onset multisystem inflammatory disease (NOMID; Akazawa et al., [@B1]; Koike et al., [@B39]; Kubota and Koike, [@B41]). Chronic inflammatory conditions are associated with an increased risk for development of colorectal cancer and inflammatory bowel diseases, such as ulcerative colitis, and Crohn's disease (McDermott and Aksentijevich, [@B49]). The auto-inflammatory episodes typical of these conditions make sense in the framework of inflammasome formation and regulation. Even if NLRP3 is expressed at inappropriate levels, other priming signals are required for the expression of pro-inflammatory cytokines. Therefore, therapeutic potential lies in gaining control of the NLRP3 inflammasome priming factors and inhibitory signals, or both.

Although increased function of NLRP3 is associated with increased inflammation, deletion mutants of NLRP3 do not result in the opposite phenotype. In mice, single deletion mutants of NLRP3 inflammasome components NLRP3, caspase-1, or ASC, are also more susceptible to both dextran sulfate sodium (DSS)-induced colitis and inflammation-associated colon cancer. However, NLRP3 deficient mice have a less pronounced association with cancer development than caspase-1 deficient mice. Further studies are required to determine if the difference is related to a regulatory function of the NLRP3 inflammasome in controlling cancer development caused by chronic inflammation or if it is possibly due to a decrease in apoptosis via reduced caspase-1 activity (Allen et al., [@B2]). Another study that found increased DSS-induced colitis in NLRP3 deficient mice showed poor regulation of intestinal homeostasis, including decreases in IL-10 levels, changes in the composition of intestinal microbiota, and decreases of β-defensin production (Hirota et al., [@B32]). Changes in gut microbiota in NLRP3 deficient mice include the presence of potentially pathogenic Enterobacteriaceae genera. Similar changes in the Enterobacteriaceae genera in the gut microbiota, including *Proteus* species, occur in the TRUC (T-bet^−/−^Rag1^−/−^ ulcerative colitis) mouse model of spontaneous inflammatory bowel disease (Garrett et al., [@B29]). These studies suggest a complex role for NLRP3 in the control of local inflammation, such as in the intestine. Therefore, the role of the NLRP3 inflammasome in determining the composition of a healthy gut microbiota needs to be determined before NLRP3 should be used as a therapeutic target to control of chronic inflammation that leads to colon cancers. A selective inhibitor of NLRP3 pro-inflammatory effects could be useful if capable of suppressing only the pro-inflammatory effects without affecting its beneficial roles, such as controlling the homeostasis of healthy microbiota.

MyD88-Dependent Signaling is Required to Prime the NLRP3 Inflammasome Downstream of TLR4 and Lipid A
====================================================================================================

Preparations of MPLA from the Re595 rough mutant of *S. minnesota* have been shown to possess much lower toxicity than parental, di-phosphorylated lipid A preparations (Ribi, [@B63]; Thompson et al., [@B74]). *In vivo*, MPLA decreases inflammatory signaling from TLR4 with minimal impairment of its immunostimulatory adjuvant effect on the initial clonal expansion of T cell (Thompson et al., [@B74]; Mata-Haro et al., [@B48]). MPLA exerted effective immunostimulatory effects at this stage of the T cell response since it retained to a significant amount of TLR4 TRIF-dependent signaling. In contrast, the TLR4 MyD88-dependent pro-inflammatory signaling was markedly reduced, but not completely absent (Mata-Haro et al., [@B48]). This, "TRIF-biased" signaling profile obtained with MPLA has been modeled *in vitro* using dendritic cell cultures and synthetic versions of the *E. coli* form of monophosphoryl lipid A (sMPLA) or diphosphoryl lipid A (sDPLA; Cekic et al., [@B13], [@B14]). These molecules represent the detoxified or the toxic versions of lipid A, respectively. Following the work of Okemoto et al. ([@B53]) showing decreased IL-1β production in response to MPLA, we hypothesized that the difference in toxicity would at least partially be caused by the reduced maturation of IL-1β using a TLR4 agonist that is "poor" in MyD88-dependent signaling. However, in our cultured dendritic cell system, both MyD88 and TRIF-signaling mutants increased the *Il1b* mRNA abundance to a similar extent when exposed to sDPLA. When using sDPLA or sMPLA to prime dendritic cell cultures with subsequent ATP activation, IL-1β protein levels were significantly higher after sDPLA treatment as compared to sMPLA treatment. Through Western Blot analysis of the culture supernatants, we showed that the IL-1β that was secreted after sMPLA treatment was actually the inactive, pro-IL-1β rather than mature IL-1β present in the supernatants from sDPLA-treated dendritic cells. We assessed the TLR4 signaling requirements for these priming effects and determined that although both TRIF and MyD88 adaptors contributed to the increase in IL-1β transcription, MyD88-signaling was required for the maturation of IL-1β from its inactive pro-form to its cleaved mature form (Embry et al., [@B26]). The MyD88-dependent component was then determined to be, at least in part, due to an increase in transcription and production of NLRP3 during priming (Figure [1](#F1){ref-type="fig"}a). Failure to generate sufficient MyD88-dependent signaling resulted in low expression of NLRP3, which limited the formation of inflammasomes when the activation signal, ATP, was provided (Figure [1](#F1){ref-type="fig"}b). Not only was decreased inflammasome formation assessed by decreased mature IL-1β secretion in response to ATP signals, we also observed a near absence of "specks" (using antibody against ASC), representing the fully formed NLRP3 inflammasome in confocal microscopy. In summary, these observations indicated a failure of inflammasome assembly in cells primed with sMPLA (decreased MyD88-signaling), as compared to sDPLA (intact MyD88-signaling; Embry et al., [@B26]).

The ability to activate innate immune system cells in a manner that limits the pro-inflammatory products produced is a goal for clinical treatment of inflammatory conditions. These results suggest that MPLA may prove safe and effective to use as a single-agent therapy for certain chronic inflammatory conditions. Indeed, MPLA promotes endotoxin receptor "tolerance" in the absence of inflammatory outcomes (Madonna et al., [@B43]; Cekic et al., [@B14]). The role of IL-1β in perpetuating pro-inflammatory reactions makes the control of its production and function a promising target in controlling inflammation and diseases associated with inflammatory states. Therefore, the ability to activate the immunostimulatory arm of TLR4 signaling without increasing production of mature IL-1β could be beneficial in controlling chronic inflammation in certain situations, especially where low-level infection is a suspected cause.

Naturally-Occurring Differences in Lipid A Structure Correlate with Microbial Virulence
=======================================================================================

For some time, we have been intrigued by the bifurcation of the TLR4 signaling system: why is it able to independently activate a largely pro-inflammatory program of events (MyD88-dependent) and a separate program that can be thought of as anti-viral and co-stimulatory (TRIF-dependent). This partial separation of signaling events has lead to speculation that responses to various lipid A agonists of TLR4 may be regulated separately, possibly through unique binding characteristics of different ligands. Naturally occurring forms of lipid A possess structural variations that elicit differential effects *in vivo* that are known to correlate with clinical presentations and microbial pathogenesis. For example, Jarvis and colleagues have shown that the structural heterogeneity of lipid oligosaccharide (LOS) produced by various clinical isolates of *Neisseria* correlates with their abilities to induce TNFα production by monocytes (John et al., [@B34],[@B35]). A pathogenic isolate of *N. meningitidis*, strain 89I, produces a more highly phosphorylated LOS structure that elicits higher responses from both sides of the TLR4 signaling branches in human monocytic cells. The LOS from that particular isolate induces higher levels of MyD88-dependent products, such as TNFα, IL-1β, and IL-12 p70 as well as TRIF-dependent products including IFNβ and CD80 (a co-stimulatory molecule), compared to the responses elicited by the LOS from two other *Neisseria* isolates (*N. gonorrhoeae*), which have lower phosphorylated states (Liu et al., [@B42]). Hence, the phosphorylation status of LOS affects both MyD88-dependent as well as TRIF-dependent signals (Liu et al., [@B42]).

*Bordetella* is another bacterial genus with species-specific differences in lipid A structure and TLR4 reactivity that can be correlated with infectious profiles. The easily cleared *B. bronchiseptica* highly stimulates TLR4, and this stimulation is required for clearance of infection. The more pathogenic species, *B. pertussis* and *B. parapertussis* are less reactive with TLR4, and indeed TLR4 deficiency does not change susceptibility to infection (Mann et al., [@B44], [@B45]). The structural differences between these LPS forms do not seem to be based on phosphorylation status but rather which form of saccharide group is present: *B. bronchiseptica* and *B. parapertussis* species have smooth LPS (long-chain polysaccharide), whereas *B. pertussis* have rough LPS (short-chain polysaccharide; Di Fabio et al., [@B22]) and exhibits very different effects on cultured human dendritic cells than the smooth forms (Fedele et al., [@B27]).

Another example of structural changes in lipid A affecting virulence of Gram-negative bacterial species is in *Yersinia pestis. Y. pestis* expresses a TLR4-inhibiting, tetra-acylated form of LPS when grown at 37°C, the temperature of mammalian hosts. However, a TLR4-activating, hexa-acylated LPS form is expressed when *Y. pestis* is grown at 26°C, the temperature of insect hosts. Recombinant *Y. pestis* that have been forced to express only hexa-acylated LPS regardless of temperature cannot sustain a lethal infection in mice. Lethality of infection with this recombinant *Y. pestis* is restored in hosts that are deficient in TLR4, CD14, or MyD88, but not TRIF or TRAM deficient mice, indicating that MyD88-associated TLR4 outcomes are required to control *Y. pestis* infection *in vivo* (Montminy et al., [@B50]), and that the bacteria has evolved a way to evade TLR4 signaling that allows infection in mammalian hosts.

Naturally Occurring forms of Monophosphoryl Lipid A and their Effects
=====================================================================

Darveau and colleagues have worked extensively with structurally defined forms of lipid A isolated from various organisms, in order to study their inherent differences in inflammatory signaling. Several of the lipid As are naturally monophosphorylated. Two such forms have been isolated from the oral bacterium *Porphyromonas gingivalis* grown in different hemin concentrations, which regulate the expression of bacteria-produced phosphatases. *P. gingivalis* grown in high hemin concentrations leads primarily to the production of antagonistic, dephosphorylated, or monophosphorylated, tetra-acylated lipid A forms within the Gram-negative cell wall (Reife et al., [@B62]). These modifications provide the organism with a unique evasion mechanism that prevents detection by TLR4 while also decreasing the effectiveness of cationic anti-microbial peptides due to the neutralization of the negative charge of the bacterial cell wall (Coats et al., [@B18]).

The lipid A produced by the human gut symbiant, *Bacteroides thetaiotaomicron* is structurally very similar to that from *P. gingivalis* grown in low hemin concentrations. Although both these lipid A forms are penta-acylated and monophosphorylated, they differ in the placement of the phosphate group on the diglucosamine head group. *B. thetaiotaomicron* LPS, has its single phosphate on the 1-carbon, whereas the phosphate on the *P. gingivalis* LPS is on the 4′-carbon. This seemingly minor structural change results in differences in the ability to stimulate NF-κB in human TLR4/human MD2-expressing HEK-293 cells *in vitro* (Coats et al., [@B16]). However, NF-κB signaling was used as a read-out in these *in vitro* studies, which is downstream of both MyD88- and TRIF-dependent signaling pathways. Further differences may be appreciated if other signaling readouts were to be examined.

Overall, the differences in lipid A structure described above have marked effects on TLR4 signaling, resulting in important effects on bacterial pathogenesis. Changes that result in decreased inflammatory responses increase the ability of the bacteria to establish infection, thus demonstrating lipid A modifications as an under-appreciated mechanism for microbial evasion of the immune system. Both pathogenic (*P. gingivalis*) and commensal (*B. thetaiotaomicron*) bacteria appear to have taken advantage of monophosphorylation to evade sterilizing responses. More direct assessment is needed to determine the relative usage of the MyD88- and TRIF-dependent pathways after TLR4 engagement when using structurally distinct forms of lipid A, and whether or not such usage is correlated with the potential for immediate inflammatory damage (MyD88-associated innate response) or long-term protective immunity (TRIF-associated adaptive immunity).

Why has the mammalian LPS recognition system not evolved to counter this threat? One can imagine, for example, that mutations in TLR4 or MD2, or both, could permit much more efficient recognition of hypophosphorylated forms of LPS, which would lead to MyD88-dependent innate responses that conceivably could be of tremendous benefit to a mammalian host in responding to *P. gingivalis* or other monophosphorylated pathogens. We propose, however, that poor activation of MyD88-signaling by monophosphorylated lipid A is a critically important concession to prevent highly inflammatory responses from damaging host tissue, such as oral or gut epithelium, while also tolerating the preponderance of microbes that are beneficial in terms of enhancing nutrition and preventing colonization by truly pathogenic bacteria. Because even monophosphorylated commensal bacteria can be dangerous if they escape their niche in the gut or oral cavity (Teng et al., [@B73]; Goldstein et al., [@B30]), TRIF-dependent responses that are particularly relevant to adaptive immunity may provide "insurance" in the form of rapid responses in the event of niche escape.

Detoxification of Lipid A by Tissue Alkaline Phosphatases: Inflammatory Implications
====================================================================================

Because lipid A-mediated inflammation can lead to septic shock and death if left unchecked, the ability to detoxify lipid A molecules is critical for host survival. In the late 1990s, Poelstra et al. showed that tissue-specific alkaline phosphatases (AP) decrease the phosphorylation state of various lipid A molecules *in vitro*. From this, they hypothesized that AP work *in vivo* to detoxify endotoxin and decrease its systemic effects (Poelstra et al., [@B57],[@B58]). It was interesting, however, that the same group also showed that MPLA is not completely dephosphorylated by AP (Bentala et al., [@B8]). Although that study did not discuss the possible biologic implications of failing to dephosphorylate MPLA fully, the results suggest that the monophosphorylated form of lipid A is less of a threat in locations with high levels of commensal bacteria (i.e., mucosal sites), than the di- or tri-phosphate forms. Additionally, by failing to form the non-phosphorylated lipid A versions of MPLA, non-signaling TLR4 antagonists that could have served as inhibitors of TLR4 binding, and activity are not produced.

Tissue AP belong to a family of proteins that are expressed by most tissues, but their activities are particularly high in the intestine, liver, and placenta. The intestines harbor large numbers of Gram-negative bacteria with an abundance of lipid A. Although intestinal alkaline phosphatase (IAP) is known to help in the uptake of nutrients such as pyridoxal phosphate and pyridoxamine phosphate (two forms of B~6~ vitamins; Waymire et al., [@B77]) as well as phosphate, its ability to dephosphorylate LPS in the gastrointestinal tract arguably helps in the maintenance of commensal or mutual Gram-negative bacterial species in the gut without causing either continual stimulation or endotoxin tolerance to pathologic Gram-negative bacteria.

Bates et al. demonstrated in a zebra fish model of vertebrate intestine that the presence of innocuous or beneficial Gram-negative bacterial species drives the expression of IAP in a MyD88-dependent manner. Furthermore, IAP-deficient zebrafish are hypersensitive to their own microbiota (Bates et al., [@B6]). Oral co-administration of IAP inhibitors and fully phosphorylated LPS to rats leads to increased levels of LPS in the serum (Koyama et al., [@B40]). IAP-deficient mice exhibit a local gut endotoxin tolerance, but are fully responsive to LPS systemically (Chen et al., [@B15]). Although IAP deletion mutants are also more sensitive to DSS-induced colitis than wild-type mice, feeding them calf IAP abrogates this effect of the deletion (Ramasamy et al., [@B61]). In humans, Crohn's disease and ulcerative colitis are known to be associated with lower IAP expression (Tuin et al., [@B76]). Whitehead has proposed that rosacea, a chronic inflammatory condition of the face, is caused by overactive immune responses to commensal species of the skin, and has correlated rosacea with decreases in IAP expression (Whitehead, [@B78]). Interestingly, dietary habits that increase IAP expression can help to decrease flairs in other inflammatory diseases (Blanchard and Cousins, [@B10]; Tuin et al., [@B75]; Kaur et al., [@B36]). In addition, expression of the TLR4-associated co-receptor, CD14, was shown to be co-localized with AP activity in the intestine, liver, and kidneys (Tuin et al., [@B75]). Together, these studies suggest that detoxification of LPS by tissue AP is a natural mechanism that helps control chronic inflammation in the gut. Maintenance of monophosphorylated forms of LPS, which are detoxified but remain immunostimulatory via TRIF-biased signaling by TLR4, may be essential for the peaceful co-existence of the vertebrate host with its microbiota.

Conclusion
==========

The signaling of TLR4 and subsequent priming and activation of the NLRP3 inflammasome provides several potential avenues to control chronic inflammation, especially in localized sites such as the intestine. Therefore, developing therapeutics that can signal through TLR4 without the danger of inflammasome activation could not only safely activate the innate immune response, but could also open new therapeutic avenues to chronic inflammatory conditions in which either IL-1β or IL-18 plays an amplifying role. The studies discussed here emphasize the importance of controlling microbiogenic inflammation to microbiota to maintain tissue homeostasis, while retaining the ability to tolerate monophosphorylated forms of lipid A. This scenario is of utmost importance in the intestine. Linking these studies with the control of NLRP3 inflammasome will increase our understanding of inflammatory disease progression and help in determining potential for therapeutic interventions.
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